Introduction {#section1-0963689717722561}
============

During the last few decades, the interstitial cells of Cajal (ICCs) were identified as a component of the gastrointestinal tracts (GITs) in several species^[@bibr1-0963689717722561],[@bibr2-0963689717722561]^. ICCs appear multipolar (dendritic-like) or bipolar in shape, with various cytoplasmic organelles, and have a discontinuous basal lamina. However, the existence of caveolae in the processes of the ICCs is one of their key identifying features. A subpopulation of ICCs is regarded as pacemaker cells that can generate electrical slow waves^[@bibr3-0963689717722561][@bibr4-0963689717722561][@bibr5-0963689717722561][@bibr6-0963689717722561][@bibr7-0963689717722561]--[@bibr8-0963689717722561]^. The other populations are thought to be the key to transducing neurotransmissions by regulating input from enteric motor neurons^[@bibr9-0963689717722561][@bibr10-0963689717722561][@bibr11-0963689717722561][@bibr12-0963689717722561][@bibr13-0963689717722561][@bibr14-0963689717722561]--[@bibr15-0963689717722561]^. The recognition of its physiological function has led researchers to study ICCs in various organs, such as the GIT of different animals and humans^[@bibr16-0963689717722561][@bibr17-0963689717722561][@bibr18-0963689717722561]--[@bibr19-0963689717722561]^. Recently, it has been reported that any damage or loss of the ICC network may lead to disorders of the GIT^[@bibr20-0963689717722561],[@bibr21-0963689717722561]^.

c-kit, a tyrosine kinase receptor, is considered to be a reliable immunochemical marker for ICC identification and location in various organs^[@bibr22-0963689717722561][@bibr23-0963689717722561]--[@bibr24-0963689717722561]^. While the c-kit protein can also mark mast cells, they are easily differentiated from ICCs according to their morphological characteristics and distribution^[@bibr25-0963689717722561],[@bibr26-0963689717722561]^. ICCs have multipolar (dendritic-like) or bipolar shapes and are present at different locations, such as at the myenteric plexus between the circular and longitudinal muscle layers, intramuscular layer, and submucosal layer. However, mast cells mainly occur in the submucosal layer as well as in the lamina propria and have a round shape. c-kit is a vital member of the protein tyrosine kinase family and it is a stem cell factor ligand. c-kit protein expression is the key to identifying ICCs and its phenotype conservation. The use of antibodies to neutralize c-kit function and the use of c-kit mutant animals have proven valuable in determining the physiological role of ICCs^[@bibr27-0963689717722561]^. However, transmission electron microscopy (TEM) still remains the gold standard for the identification of ICCs. The ultrastructural characteristics of ICCs are present in different mammals, such as rabbits, pigs, dogs, and humans^[@bibr28-0963689717722561]^, but no attention has been paid to them in ruminants. Most studies of ICCs have been limited primarily to common laboratory mammals and humans.

Ruminants have 4-chambered stomachs. The first 3 chambers, the rumen, reticulum, and omasum, are collectively named the forestomach. The fourth chamber is known as the abomasum, which is a glandular part that secretes gastric juice. The abomasum corresponds to the pylorus and is the "true stomach" of ruminants^[@bibr29-0963689717722561]^. The abomasum is a significant part of the ruminant stomach and has a crucial role in the absorption of nutrients, as it is the location where digestion occurs via physical and biochemical processes. In the current study, we investigated, for the first time, the ultrastructural characteristics of ICCs and their distribution in the goat abomasum by TEM and c-kit immunohistochemistry.

Materials and Methods {#section2-0963689717722561}
=====================

Ethics Statement {#section3-0963689717722561}
----------------

The experimental design and sampling procedures were approved by the Animal Ethics Committee of Nanjing Agricultural University, China, before the start of the current experiment. The experiment was conducted according to the "Guidelines on Ethical Treatment of Experimental Animals" by the Jiangsu Provincial People's Government (SYXK (SU) 2011-0036).

Materials {#section4-0963689717722561}
---------

Six normal adult goats of either sex were obtained from a commercial farm. Abomasum samples were taken from these goats right after euthanasia. All efforts were made to minimize animal suffering. Samples were immediately washed with 0.1 mol/L phosphate-buffered saline (PBS; pH 7.3), then some samples were fixed in 4% paraformaldehyde (PFA) in 0.1 mol/L PBS overnight and embedded in paraffin wax. Other samples were cut into 1 mm^3^ blocks and immersed into 2.5% glutaraldehyde in 0.1 mol/L PBS overnight.

Immunohistochemistry {#section5-0963689717722561}
--------------------

Tissue was sectioned (6 μm) and stained using standard immunohistochemical techniques for microstructure analysis. Samples underwent deparaffinization in an ethanol gradient, followed by washing in PBS; endogenous peroxidase activity was blocked with 3% hydrogen peroxide in PBS for 15 min at 37 °C. The sections were then covered with 5% bovine serum albumin (BSA). The sections were incubated with rabbit anti-c-kit (1:100) antibody (Boster Bio-Technology, Wuhan, China) and rabbit anti-tryptase (1:100) antibody (Boster Bio-Technology) overnight at 4 °C, as well as 1 section was incubated with PBS as a control. After incubation with primary antibody, the sections were incubated in biotinylated antirabbit immunoglobulin G secondary antibody (Boster Bio-Technology) for 1 h at 4 °C. The sections were then rehydrated in PBS and incubated with avidin--biotinylated peroxidase complex for 45 min at 37 °C. For color development, peroxidase activity was revealed using 3,3-diaminobenzidine ((DAB) Boster Bio-Technology) under a microscope.

TEM {#section6-0963689717722561}
---

The blocks of samples were submerged in 1% osmium tetroxide in the 0.1 mol/L PBS (pH 7.3) for 60 min. The blocks were dehydrated in ascending concentrations of ethyl alcohol, infiltrated with a propylene oxide--Araldite mixture, and embedded in Araldite. Ultrathin sections (50 nm) were stained with 1% uranyl acetate and lead citrate for 20 min each.

Equipment {#section7-0963689717722561}
---------

For light microscopy, the sections were examined and photographed using an Olympus DP73 microscope (Guangzhou City, Guangdong Province, China). For TEM, the sections were examined and photographed with an H-7650 transmission electron microscope (Hitachi Suzhou City, Hong Kong Village 58, Room 602).

Results {#section8-0963689717722561}
=======

Localization of c-Kit Immunoreactive Cells in the Goat Abomasum {#section9-0963689717722561}
---------------------------------------------------------------

In the present study, we observed 2 types of c-kit immunoreactive cells. One group of c-kit immunoreactive cells appeared multipolar (dendritic-like) or bipolar in shape and was identified as ICCs ([Fig. 1a](#fig1-0963689717722561){ref-type="fig"}--[d](#fig1-0963689717722561){ref-type="fig"}). The fusiform cell body was observed in the submucosal border with 2 processes at each pole ([Fig. 1a](#fig1-0963689717722561){ref-type="fig"}). c-kit immunoreactive cells were located in the 3 different regions of the abomasum: along with the submucosal layer (ICC-SM) ([Fig. 1a](#fig1-0963689717722561){ref-type="fig"}), in the myenteric plexus between the circular and longitudinal muscle layers (ICC-MY) ([Fig. 1b](#fig1-0963689717722561){ref-type="fig"}), and within the longitudinal and circular muscle layers of the abomasum (ICC-IM) ([Fig. 1c](#fig1-0963689717722561){ref-type="fig"}). In addition, we found that c-kit immunoreactive cells always surrounded nerve fibers and blood vessels ([Fig. 1c](#fig1-0963689717722561){ref-type="fig"}, [d](#fig1-0963689717722561){ref-type="fig"}). Another group of round-shaped cells was found and identified as mast cells ([Fig. 1a](#fig1-0963689717722561){ref-type="fig"} and [e](#fig1-0963689717722561){ref-type="fig"}). These cells were mostly located in the submucosal layer as well as in the lamina propria of the abomasum ([Fig. 1a](#fig1-0963689717722561){ref-type="fig"} and [e](#fig1-0963689717722561){ref-type="fig"}). An antibody against tryptase protein was chosen as special maker for mast cells. Tryptase immunoreactive cells appeared as round shaped. These cells were mainly deposited in the lamina propria and also close to the blood vessel in the submucosal layer ([Fig. 1e](#fig1-0963689717722561){ref-type="fig"} and [f](#fig1-0963689717722561){ref-type="fig"}). The morphology and distribution of tryptase-immunoreactive cells were consistent with c-kit immunoreactive mast cells.

![Light micrograph showing c-kit immunoreactive cells and tryptase immunoreactive cells in the abomasum. (a) The c-kit immunoreactive cells were seen in the submucosal border. (b) A multipolar (dendritic-like)-shaped cells (arrow) and the long process of c-kit immunoreactive cells (double arrowheads) were found in the myenteric plexus between the circular and longitudinal muscle layers. (c) and (d) The process of intramuscular c-kit immunoreactive cells (double arrowheads) surrounded never fibers and blood vessels. (e) The c-kit immunoreactive cells (arrowhead) were located in the lamina propria. (f) The tryptase immunoreactive cells (arrowhead) were deposited in the lamina propria. (g) A few tryptase immunoreactive cells (arrowhead) near to blood vessel in the submucosal border. The small arrow represents interstitial cells of Cajal; arrowhead represents mast cell; double arrowhead represents the process of ICCs. nf, nerve fiber; Bv, blood vessel; LM, the longitudinal muscle layer; CM, the circular muscle layer; LP, the lamina propria. Bar = 20 μm (a, f, and g); bar = 10 μm (b, c, d, and e).](10.1177_0963689717722561-fig1){#fig1-0963689717722561}

Ultrastructural Characteristics of ICCs in the Goat Abomasum {#section10-0963689717722561}
------------------------------------------------------------

Morphologically, ICCs were observed to be stellate or spindle-shaped, with some processes ([Fig. 2a](#fig2-0963689717722561){ref-type="fig"} and [b](#fig2-0963689717722561){ref-type="fig"}). The nuclei of ICCs were found to be fusiform or irregular in shape and contained a dense band of marginal heterochromatin. The emergence of the primary process appeared wide with a thin, electron-dense, uniform dendritic process. Cytoplasmic organelles included Golgi complexes, numerous mitochondria, and abundant rough endoplasmic reticulum, and a discontinuous basal lamina was observed. Occasionally, intermediate filaments were also detected in the cytoplasm of ICCs. Meanwhile, caveolae were frequently seen along the plasma membrane, which distinguished these cells from fibroblasts. ICCs formed close contact or distinct gap junctions with neighboring ICCs and smooth muscle cells (SMCs) ([Fig. 2a](#fig2-0963689717722561){ref-type="fig"} and [b](#fig2-0963689717722561){ref-type="fig"}).

![Transmission electron micrograph showing the general morphological characteristics of ICCs in the abomasum. (a) A stellate-shaped ICC forming networks with another process. Inset: Higher magnification of the boxed area in panel (a). (b) An irregular shaped ICC within intramuscular layer. ICC, interstitial cells of Cajal; SMC, smooth muscle cell; Mi, mitochondria, G, Golgi; (triangle), the discontinuous basal lamina; rER, rough endoplasmic reticulum; arrow, caveolae. Bar = 20 μm (a and b).](10.1177_0963689717722561-fig2){#fig2-0963689717722561}

ICCs were found in close proximity of myenteric plexus between the circular and longitudinal muscle layers, indicating the presence of one of the subtypes of ICCs, named ICC-MY ([Fig. 3a](#fig3-0963689717722561){ref-type="fig"} and [b](#fig3-0963689717722561){ref-type="fig"}). The ICCs with triangular nuclei were embedded in the periphery of the nerve varicosity, and the processes of ICCs surrounded the blood vessel. Meanwhile, long processes of the ICCs formed gap junctions with SMCs ([Fig. 3a](#fig3-0963689717722561){ref-type="fig"}). ICC-MY were stellate or spindle in shape, with 2 main processes that generally had long, slender, or dendritic characteristics. Two to 5 of these cells were found around the bundle of nerve fibers ([Fig. 3b](#fig3-0963689717722561){ref-type="fig"}).

![Transmission electron micrograph showing ICC in the myenteric plux between the longitudinal and circular muscle layers (ICC-MY) in the abomasum. (a) A triangular shaped ICC embedded in the periphery of the nerve varicosity. (b) ICCs (ICC1, ICC2, ICC3) surrounding nerve fiber. ICC, interstitial cells of Cajal; Mi, mitochondria; SMC, smooth muscle cells; nf, nerve fiber; Bv, blood vessels; VE, vascular endothelial layer; RBC, red blood cell. Bar = 5 μm (a and b).](10.1177_0963689717722561-fig3){#fig3-0963689717722561}

ICCs were also observed within the circular and longitudinal muscle layers ([Figs. 4a](#fig4-0963689717722561){ref-type="fig"}--[d](#fig4-0963689717722561){ref-type="fig"}, [5a](#fig5-0963689717722561){ref-type="fig"}, and 6a), which were regarded as an intramuscular ICCs (ICC-IM). The ultrastructure of ICC-IM contained cytoplasmic organelles, such as numerous mitochondria, rough endoplasmic reticulum, and intermediate filaments, as well as an incomplete basal lamina ([Fig. 4a](#fig4-0963689717722561){ref-type="fig"}). Spindle-shaped ICC-IM have 2 long processes ([Fig. 4b](#fig4-0963689717722561){ref-type="fig"}). ICC-IM were also associated with intimate synaptic-like varicose nerve terminals ([Fig. 4c](#fig4-0963689717722561){ref-type="fig"} and [d](#fig4-0963689717722561){ref-type="fig"}), which contained both large and dense core vesicles and small electron lucent vesicles. At regions of close contact, electron-dense areas were observed along the pre- and postjunctional membrane and within the membranes of the nerve terminals and ICCs. There was also distinct electron-dense material in the extracellular space between the nerve terminals and ICCs ([Fig. 4d](#fig4-0963689717722561){ref-type="fig"}). The processes of the ICCs imbedded in the SMCs ([Fig. 4c](#fig4-0963689717722561){ref-type="fig"}). The ICC-IM showed a stellate shape with multiple cytoplasmic processes, which formed gap junctions with adjacent SMCs ([Fig. 5a](#fig5-0963689717722561){ref-type="fig"}--[d](#fig5-0963689717722561){ref-type="fig"}). Another type of junction was observed between ICCs and SMCs, which was named peg-and-socket-like junction ([Fig. 6a](#fig6-0963689717722561){ref-type="fig"} and [b](#fig6-0963689717722561){ref-type="fig"}).

![Intramuscular ICC (ICC-IM) contact with SMC and nerve fibers. (a) A stellate-shaped multipolar ICC. (b) A spindle-shaped ICC with 2 long processes, traversing between SMC. (c) A spindle-shaped ICC forming synaptic-like varicose with nerve terminals. (d) A round-shaped ICC forming typical contacts with SMC and nerve fibers structure. ICC, interstitial cell of Cajal; SMC, smooth muscle cells; nf, nerve fiber; arrow, the processes of ICC; V, vesicle; Mi, mitochondria; rER, rough endoplasmic reticulum; triangle, caveolae. Bar = 2 μm (a and b); bar = 5 μm (c and d).](10.1177_0963689717722561-fig4){#fig4-0963689717722561}

![Transmission electron micrograph showing gap junction between an Intramuscular ICC (ICC-IM) and a SMC. (a) A bundle of ICCs surrounding the blood vessel. (b) Higher magnification of the boxed area in (a), see a stellate-shaped ICC forming gap junction with smooth muscle. (c) and (d) Higher magnification of ICC forming gap junction with the SMC of the boxed area in (b). ICC, interstitial cell of Cajal; SMC, smooth muscle cell; Bv, blood vessel; V, vesicle; Mi, mitochondria; arrow, gap junction. Bar = 10 μm (a); bar = 2 μm (b); bar = 0.5 μm (c and d).](10.1177_0963689717722561-fig5){#fig5-0963689717722561}

![Another type of contact between Intramuscular ICC (ICC-IM) and SMC: peg-and-socket-like junction. (a) ICC forming peg-and-socket-like junction with SMC. (b) Higher magnification of (a), see the cytoplasmic organelle ICC including rich mitochondria. ICC, interstitial cell of Cajal; SMC, smooth muscle cells; Mi, mitochondria; encircled area, peg-and-socket-like junction. Bar = 2 μm (a); bar = 1 μm (b).](10.1177_0963689717722561-fig6){#fig6-0963689717722561}

Furthermore, we observed that a few ICCs run along with the submucosal border of circular smooth muscle bundles, which are thought to be ICC-SM. Their cytoplasm contained mitochondria, abundant caveolae, and large quantities of rough endoplasmic reticulum, as well as a distinct basal lamina, and they formed gap junctions with neighboring processes of other ICC-SM. This subtype of ICC had 2 main processes that appeared winding and long ([Fig. 7a](#fig7-0963689717722561){ref-type="fig"}). A few ICC-SM were also found surrounding blood vessels ([Fig. 7b](#fig7-0963689717722561){ref-type="fig"}).We also identified fibroblast cells with short processes, which were different from those of ICCs. They were observed with round nuclei and an abundant cytoplasmic area and contained fewer mitochondria and more rough endoplasmic reticula. Caveolae, intermediate filaments, and basal lamina were absent. They did not contact muscle or nerve cells ([Fig. 8a](#fig8-0963689717722561){ref-type="fig"} and [b](#fig8-0963689717722561){ref-type="fig"}).

![Transmission electron micrograph showing ICC in the submucosal layers (ICC-SM). (a) The long and winding process of ICCs forming homocellular junctions each other. Inset: Higher magnification of the boxed area in panel (a). (b) A bundle of ICCs surrounding blood vessel. ICC, interstitial cells of Cajal; SMC, smooth muscle cells; arrow, the processes of ICCs; inset, higher magnification of the boxed area in panel a; Bv, blood vessel; RBC, red blood cell; VE, vascular endothelial layer. Bar = 2 μm (a); bar = 5 μm (b).](10.1177_0963689717722561-fig7){#fig7-0963689717722561}

![Transmission electron micrograph showing the fibroblasts in the abomasum. (a) The cytoplasmic organelle of fibroblast including abundant vesicle. (b) Fibroblast near to the SMC. Fb, fibroblast; SMC, smooth muscle cells. Bar = 2 μm (b); bar = 5 μm (a).](10.1177_0963689717722561-fig8){#fig8-0963689717722561}

Discussion {#section11-0963689717722561}
==========

This is the first ever study to identify the ultrastructure and distribution of ICCs in the goat abomasum by TEM and c-kit immunohistochemistry. We observed that the morphology of ICCs was similar to those in previous reports on the guinea pig small intestine^[@bibr30-0963689717722561]^, the human GIT^[@bibr31-0963689717722561]^, and chicken oviducts^[@bibr32-0963689717722561]^. In previous studies, c-kit protein specifically labeled ICCs in bovines^[@bibr24-0963689717722561]^, rats^[@bibr33-0963689717722561]^, mice^[@bibr34-0963689717722561]^, and guinea pigs^[@bibr35-0963689717722561]^. Hudson et al^[@bibr36-0963689717722561]^. showed a widespread existent of c-kit immunoreactive cells in all layers of the horse's GIT, including at the level of the myenteric plexus between the circular and longitudinal muscle layers, in the intramuscular layer, in the submucosal layer, and in the lamina propria. Their results showed that 2 different types of c-kit immunoreactive cells were further confirmed in the present study by light microscopy. One type of c-kit immunoreactive cell was identified with multipolar (dendritic-like) or bipolar cells. Additionally, another type of cell was oval in shape, which has been named mast cells. In the present study, 3 subtypes of ICCs were noted in the goat abomasum, as previously reported in the stomach of guinea pigs^[@bibr35-0963689717722561]^: (1) a high density of ICC-MY was found in the myenteric plexus between the circular and longitudinal muscle layers, (2) ICC-IM integrated intramuscularly, and (3) ICC-SM at the level of the submucosal layer.

Previous studies have reported that ICC-IM were stellate or spindle in shape and existed within the intramuscular layer in the stomachs of guinea pigs^[@bibr35-0963689717722561]^ and humans^[@bibr37-0963689717722561]^. In the present study, the morphology and distribution of ICC-IM are consistent with these reports. Our results showed that close apposition exists between neuronal cells and ICC-IM in the abomasum, which occurs in a similar manner as in the GIT of guinea pigs^[@bibr17-0963689717722561]^, canines^[@bibr18-0963689717722561]^, and mice^[@bibr38-0963689717722561]^, where ICC-IM have been proposed to serve as mediators between the enteric motor neuron and smooth muscles. However, previous studies have documented that this synapse specialization between enteric nerve terminals and SMCs does not exist^[@bibr18-0963689717722561],[@bibr38-0963689717722561]^. Instead, ICC-IM formed gap junctions with adjacent SMCs. The existence of identical relationships between enteric motor cells and ICCs in GIT of the canines and mice, where psychology function is assumed that ICC-IM may be innervated by cholinergic or nitrergic neurons, indicated a similar function in the goat stomach. Thus, the present study demonstrated that, as in the canine^[@bibr18-0963689717722561]^, the neuromuscular junction in the abomasum of goats consists of close contacts between neuronal cells and ICC-IM and regulation of neural inputs through gap junction from ICC-IM to SMCs. We observed synaptic-like junctions with pre- and postjunctional membrane densification occurring between varicose nerve terminals and ICC-IM. Beckett et al^[@bibr38-0963689717722561]^. have identified synapse-like proteins between neurons and ICC-IM in the murine stomach, which suggested that the special structure was regarded as a primary site of excitatory and inhibitory innervation. The above findings collectively suggested that ICC-IM have excitatory and inhibitory innervations, which might be helpful in the contraction of the ruminant stomach for proper absorption of nutrients.

In the present study, ICC-SM were observed at the submucosal layers of goat abomasum. For their physiological role, it has been reported that ICC-SM can function as a pacemaker in the colon of canines^[@bibr39-0963689717722561]^, humans^[@bibr40-0963689717722561]^, and rats^[@bibr41-0963689717722561]^. Horiguchi et al. proposed that the ICC-SM of canines in the gastric antrum have similar properties to those in the colon^[@bibr42-0963689717722561]^. Therefore, the ICC-SM of the stomach can also generate slow waves. The ultrastructure of this type of cell in the rat stomach^[@bibr43-0963689717722561]^, in which ICC-SM were characterized as having cytoplasmic organelles, including abundant mitochondria, rough endoplasmic reticula, and rich intermediate filaments, as well as numerous caveolae and a discontinuous basal lamina. In the present study, we observed the morphology and distribution of ICC-SM are consistent with their studies, so here we hypothesized that the ICC-SM can also generate a slow wave in goat abomasum. Moreover, we found fibroblasts and successfully differentiated them from ICCs. The fibroblasts did not contain basal lamina, caveolae, intermediate filaments, or any visible junctions or contacts with smooth muscles or nerves. In the present study, fibroblasts were distinguished from ICCs, as the former principal did not appear to have gap junctions, intermediate filaments, numerous mitochondria, or basal laminae in the mammalian GIT^[@bibr28-0963689717722561]^.

In summary, in this study, we first investigated ultrastructural characteristics of ICCs by TEM and simultaneously aimed to clarify the distribution of c-kit immunoreactive cells in the goat abomasum. Three classes of ICCs were identified according to TEM and c-kit immunohistochemistry. Two different kinds of c-kit immunoreactive cells were observed in the abomasum. The first type was ICCs, which appeared multipolar (dendritic-like) or bipolar in shape, while the second type of cells was identified as mast cells and were round in shape. Ultrastructurally, the ICCs were observed to be stellate or spindle in shape, with numerous mitochondria, rough endoplasmic reticula, and many caveolae in the cytoplasm. ICCs were located in the submucosal layer (ICC-SM), myenteric plexus between the circular and longitudinal muscle layers (ICC-MY), and within the longitudinal and intramuscular layers (ICC-IM).
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